ABSTRACT I have undertaken two complementary programs to monitor the ultraviolet emission of the spectroscopic binary Capella with the International Ultraviolet Explorer. The first program involved 22 sets of highdispersion observations at regular intervals over the course of half an orbital cycle (2 months). The objective was to detect changes in the fluxes or shapes of ultraviolet emission lines in response to the evolution of large-scale active regions or their rotation onto and off the visible hemisphere of the active F-type secondary star of the system. Capella proved to be surprisingly steady in its ultraviolet emissions during the monitoring program, suggesting that the distribution of activity over the surface of the secondary star was quite uniform during that period (1981 March 9 to April 29). The second part of the study involved a sequence of highdispersion far-ultraviolet spectra taken on six consecutive days in late 1982, with precise calibrations of the wavelength scales. The objective was to investigate systematic velocities of the low-excitation and highexcitation emission lines. I find that the latter are significantly redshifted with respect to the former, and that optically thin lines of high excitation exhibit similar redshifts to optically thick lines formed at comparable temperatures. I conclude that the redshifts indicate true downflows of 10 5 K plasma in the stellar "transition zone," rather than the operation of a "P Cygni" effect in an optically thick outflow. Furthermore, there is an indication that the line width increases with increasing redshift among the high-excitation emissions, analogous to the behavior of C iv 21548 observed over magnetic active regions on the Sun.
I. INTRODUCTION
The spectroscopic binary Capella (a Aurigae A: G6 III [Aa] + F9 III [Ab] ) has been the subject of a number of studies with the International Ultraviolet Explorer (Boggess et al 1978) , after early observations revealed that the very bright, high-temperature features like C n 21336 (3 x 10 4 K), C m] 21909 (5 x 10 4 K), and C iv 21548 (1 x 10 5 K) were emitted almost entirely by the rapidly rotating F-type secondary star, with only a small contribution from the slowly rotating, but otherwise nearly identical, primary star .
The recognition that rapid rotation is intimately connected with strong far-ultraviolet " activity " in late-type stars provided an important link between stars like the secondary of Capella, where fast rotation is a temporary by-product of evolution through the blue edge of the Hertzsprung gap, and the short-period RS Canum Venaticorum binaries (Hall 1978) , where fast rotation is enforced permanently by tidal locking. The existence of the rotation-activity connection is thought to derive from the processes, such as dynamo action (Parker 1970) , by which magnetic fields are generated in late-type stars: It is well known that enhanced far-ultraviolet emissions are associated with magnetic regions on the Sun, and many latetype stars, particularly the RS CVn and BY Dra variables, exhibit the photometric and spectroscopic signatures of "starspots," reminiscent of the spatial concentration that is characteristic of solar magnetic fields (cf. Hall 1978) . Indeed, the dramatic far-ultraviolet variations that occur in RS CVn systems on a wide variety of time scales (e.g., Marstad et al. 1982 ) are thought to result from the organization of surface magnetic fields into large-scale active regions : The integrated emission of the star is modulated as the active areas rotate into or out of view; transient brightenings occur, like the flares associated with sunspot umbrae; and the emission characteristics of the regions change as they evolve.
Accordingly, fast rotation in late-type stars appears to foster enhanced magnetic activity, important symptoms of which are the periodic rotational modulations, and stochastic emission variations, that accompany the spatial concentration of the magnetic flux into active regions. Curiously, however, a study of Capella at critical orbital phases (Ayres, Schiffer, and Linsky 1983) did not detect any significant variability of the emission line spectrum, at least on either the short (hours) or the long (months) time scales encompassed by the observing program, despite the comparatively high sensitivity of the measurements.
At the same time, the discovery of redshifted high-excitation emissions like Si iv 21394 and C iv 21548 in the far-ultraviolet spectra of a number of active-chromosphere giant stars ), including Capella, demonstrated an additional, unexpected, analogy to magnetic active regions on the Sun, where downflows of 10 5 K material are a common occurrence (e.g., Brueckner 1981 , and references therein). Nevertheless, the connection was not certain because an accelerating outflow can produce the appearance of net redshifts in emission lines of large optical depth by the "P Cygni" mechanism and there were suspicions that the Si iv and C iv emissions of the giants might be mildly optically thick.
Accordingly, I undertook two observing programs with Guest Observer, International Ultraviolet Explorer. /CE, to: (1) search in the emission lines of the ultraviolet spectrum of Capella for day-to-day fluctuations, which might be produced by the evolution of magnetic active regions or their rotation onto and off the visible hemisphere of the secondary star; and (2) attempt a careful study of the radial velocities of the emission lines, taking precautions to assure precise wavelength calibrations, so that the question of the origin of redshifted high-excitation species could be addressed in more detail.
II. OBSERVATIONS The two IUE observing programs consisted exclusively of high-dispersion echelle spectra (FWHM ae 30 km s~1) through the large aperture (10" x 20"), using both cameras (SWP: spectral range 1150-2000 Â; LWR: spectral range 2000-3000 A) in the 1981 period, but only the SWP camera in the more recent study of emission line velocities. Since the characteristics of the two programs are somewhat different, I will describe them individually. a) Monitoring Capella in the Ultraviolet i) Observing Program From 1981 March 9 through April 29, Capella was observed with IUE on 22 separate occasions, as frequently as every other day, and with as many as four independent exposures taken on each day. Ten 8-hour NASA No. 2 shifts were divided with other observing programs to permit the regular sampling of the spectrum of Capella for that period, equivalent to half an orbital cycle or about six rotations of the secondary star (cf. Ayres and Linsky 1980) .
The standard sequence of observations consisted of two LWR images of 1 minute duration each, a 10 minute SWP image, and a 60 minute SWP image. The LWR exposures were optimized for the emission cores of the Mg n 222796, 2803 doublet, the most important features of the middle-ultraviolet spectrum of the stellar chromosphere (6 x 10 3 K). The short SWP exposure was specialized for the intersystem lines Si in] 21892 and C m] 21909, which are situated on a bright photospheric continuum that is saturated in deeper exposures. The long SWP exposure was intended for the resonance lines H i 21216 Lya, Si iv 21394, and C iv 21548, which are the most prominent far-ultraviolet emissions from the stellar upper chromosphere and " transition zone " (2 x 10 4 -1 x 10 5 K). Owing to constraints imposed by scheduling, time trades, or high particle radiation backgrounds, it was not always possible to accommodate the entire sequence of four exposures at each observing session, or guarantee uniformity of the exposure times. For example, on several occasions the short and long SWP images were replaced by a single exposure of intermediate duration.
A catalog of the exposures is provided in Table 1 . ii) Data Reduction The reduction of the 42 LWR and 41 SWP echelle spectra from the monitoring program proceeded as follows:
The ESHI (extracted spectrum, high resolution) files were read from the Guest Observer tapes and processed using standard procedures (cf. Schiffer 1982; Ayres, Schiffer, and Linsky 1983) available at the Regional Data Analysis Facility in Boulder, and adjusted to absolute flux using the calibration (for continuum sources) of Cassatella, Ponz, and Selvelli (1981) .
Line shape parameters (centroid velocity, full width at halfmaximum intensity [FWHM] , and integrated flux) were then 20.8 10, 60 17.9, 18.3 50s, 50s 20.1, 20.4 40, 10 16.9, 17.6 50s, 50s 20.1, 20.4 Notes.-Images are designated by prefix S (1150-2000 Á) or L (2000-3000 Á). The Julian date refers to mid-exposure of the longest S image of that sequence. Orbital phases are based on the ephemeris JD = 2,442,093.4(±0.2) + 104.0204 x E, where phase 0 is the conjunction with the G6 III primary in front (Batten, Fletcher, and Mann 1978) . During sequences 5 and 21 additional high-dispersion (and low-dispersion) SWP images were taken for photometric calibration purposes, but were not analyzed for the present study. determined for the prominent emission lines. Each feature was modeled by an automatic numerical procedure which employed a least-squares Gaussian fitting technique to derive the line center wavelength. The resulting À 0 was used to register a series of fixed bandpasses, spanning the line itself or a portion of neighboring continuum, in which the stellar flux was integrated numerically. The continuum bands (in the regions where there was enough signal to measure one) established a background "continuum level" for the Gaussian fitting procedure and a normalization for the resulting line fluxes. A schematic illustration of the line fitting approach, and the critical parameters associated with it, is provided in Figure 1 .
In the case of Lya, the central region of the emission profile , plus an increment equal either to zero (À < 1800 À) or to cr A c , the rms fluctuation of the continuum fluxes about the mean (A > 1800 À): At the shorter wavelengths, the continuum is assumed not be be affected strongly by "line blanketing " since many of the line cores are in emission ; while at the longer wavelengths, the continuum is formed deeper in the photosphere and therefore is assumed to be depressed below its true level owing to scattering by line cores formed in the higher layers. Given the continuum background, a least squares Gaussian profile (of integrated intensity f G ) is fitted to the fluxes in the profile within ±a x FWHM from line center (A 0 ). In this case, a = 0.75 is illustrated by the filled triangles in the figure. The flux of the emission line is then numerically integrated in a fixed bandpass (±AA L ) symmetric about the derived À 0 . Since the continuum level depends on the value of X 0 , the process is repeated for several iterations to ensure convergence.
is severely affected by interstellar absorption and was ignored in the fitting procedure. In the case of the Mg n doublet, the Gaussian profile was restricted to the lower portion of the emission core, which is controlled by the secondary star, so that the derived centroid velocity would be characteristic of the secondary : The photospheric emission at 2800 Â is dominated by the warmer, F-type giant, and the fitting constraint permits the continuum bands to track accurately the absorption structure of the outer wings of the h and k lines in the face of the orbital motion of the secondary. The same constraint is satisfied automatically at shorter wavelengths, since the contribution of the primary star to the emission line spectrum below 2000 Â is considerably smaller than at the Mg n doublet (e.g., Ayres, Schiffer, and Linsky 1983) . The ability to follow empirically the structure of the ultraviolet photospheric spectrum of the secondary star is essential in the use of continuum intensities to normalize the fluxes of several of the important emission lines and thereby reduce the possibilities of systematic errors in the photometric calibration.
The critical fitting parameters for the emission lines reduced for the monitoring portion of the study are summarized in Table 2. iii) Velocity Scales While the precise measurement of the velocities of emission lines was not a goal of this portion of the observing program, the positions of the emission features are a by-product of the flux measurement process and therefore merit discussion.
The most straightforward corrections to the assigned wavelength scales are for the radial velocity of the Capella system Notes.-The fitting parameters are described pictorially in Fig. 1 . The continuum flag indicates which of three approaches were taken to account for a background photospheric continuum in the line fitting procedure : -1 = no correction; 0 = subtract mean monochromatic flux level f k c as determined by the continuum band À c ± AX C ; +1 = subtract f X c + ít a c , where the latter is the rms deviation about the mean of the monochromatic fluxes in the continuum band. Laboratory wavelengths are from Kelly and Palumbo (1973: À < 2000 Â) or Kurucz and Peytremann (1975 : /I > 2000 Â) .
(v r = +29.5 ± 0.2 km s -1 : Batten, Fletcher, and Mann 1978) , and the heliocentric velocity oí IUE. The latter was calculated according to the algorithms for the Earth and satellite motions outlined by Schiffer (1982, § 3 A more subtle correction to the assigned wavelength scales is associated with the short-term thermal and long-term secular behavior of the dispersion properties of the echelle images. During the epoch of the monitoring program, the importance of these "time and temperature" effects was recognized (Thompson, Turnrose, and Bohlin 1981) , but appropriate correction algorithms had not yet been implemented for highdispersion images. Unfortunately, the final 7 of the 22 sets of observations of the monitoring program were taken during a period when the IUE camera decks were unusually "hot," and thus the question of thermal shifts of the wavelength scales is a concern.
I have approached the problem of thermal shifts in the echelle spectra in two complementary ways : " empirical " and "theoretical."
Empirical corrections to wavelength scales.-In a report of preliminary results from the monitoring program (Ayres 1982) , I proposed empirical thermal-correction relations for the SWP and LWR images taken during that period. The relations (1) reproduced the radial velocity amplitude of C iv >U548 deduced from a study of Capella at critical orbital phases (Ayres, Schiffer, and Linsky 1983) ; (2) predicted a barycentric velocity of zero for the low-excitation Si il A1808 feature; and (3) forced (in the mean) the interstellar component of Mg n À2796 to fall at the previously measured barycentric velocity of -8 km s _1 (ibid). -Sample spectra of C iv 21548, Si n 21808, and Mg n 22796 from the monitoring program. The profiles are plotted on a relative flux scale (the Mg ii k line is reduced a factor of 25 compared with the other two features), with increments of the zero levels (horizontal lines) in proportion to the separation of the observations in orbital phase. The velocity scale is with respect to the barycenter of the Capella system, and has been derived using the empirical correction method described in the text. The persistent absorption feature in the extreme core of the k line is produced by Mg + in the interstellar medium : The apparent velocity of the feature varies owing partly to the nonuniform background of the Capella Mg n emission as a function of orbital phase, but mostly to the statistical nature of the empirical wavelength corrections (particularly the influence of miscenterings of the target in the large aperture, or reference point shifts). as corrected to the velocity frame of the system barycenter using the empirical approach. The "stationary" interstellar absorption components in the k line core are readily visible, as well as the somewhat different behaviors of the C iv, Si n, and Mg ii line shapes as a function of orbital phase over the monitoring period.
Theoretical corrections to wavelength scales.-Theoretical velocity corrections appropriate to the epoch of observation were obtained by scaling the assigned dispersion constants of each SWP and LWR image to the epoch 1982.0 mean relations (Schiffer 1982: Table 3-1), and applying the temperature (and secular) corrections in the manner described by Schiffer (1982) . The results are as follows :
and,
where the "A" would be subtracted from the assigned velocity scale to register the image to the reference frame of the spectrograph. In addition to the thermal effects, there were small corrections to account for departures of the actual dispersion constants, and of a particular image (see Schiffer 1982) from the mean values obtained by averaging over the entire set of images from the monitoring program.
The theoretical corrections are qualitatively similar to those obtained empirically (see Ayres 1982) . However, the constant coefficients differ by -6 km s" 1 for SWP and +4 km s" 1 for LWR, implying that the Si n 21808 feature is redshifted by about 6 km s _1 at phase 0, while the interstellar absorption components and the stellar emission core of the Mg n 22796 feature are blueshifted by about 4 km s _1 from the previously assumed barycentric velocities at phase 0 (-8 and 0 km s -1 , respectively). Furthermore, although the slopes of the empirical and theoretical thermal corrections are similar (2.4 km s ~1 per degree Celsius vs. 1.6 [SWP]; 5.2 vs. 4.5 [LWR]) the differences are quite significant for the last seven sets of observations, when the camera decks were nearly 10°C hotter than normal.
On the one hand, the theoretical derivation of the thermal slopes might be suspect since the data base of wavelength calibration images encompasses relatively few " hot " images, thus the magnitude of the wavelength shifts at large THDA are ill-determined. On the other hand, the zero-points of the theoretical relations must be reliable since they are based on the small aperture spectra of the calibration lamp and are not affected by possible miscenterings of a stellar target. For the latter reason, I adopted the theoretical corrections for the remainder of the analysis. The lower portion of each panel illustrates the centroid velocity and FWHM as a function of orbital phase, while the upper portion of each panel illustrates the integrated flux. If a continuum band was available, the line flux was divided by it and the continuum fluxes were plotted separately. The continuum fluxes were corrected for the prelaunch value of the thermal sensitivity of the cameras, -0.8% per degree Celsius (Bohlin et al. 1980) , for purposes of illustration. If a suitable continuum band was not available, the integrated line flux itself was corrected for the camera sensitivity. Numerical values of the sample standard deviations of the line and continuum fluxes are provided in Table 3 . Notes.-cr L is the percentage rms deviation of the temperature corrected line fluxes about the mean of the sample, or the percentage rms deviation of the continuum-normalized line fluxes about the mean (for the lines having an entry in the g c column). <j c is the percentage rms deviation of the temperature corrected continuum fluxes about the sample mean.
long exposures assures a uniformity of the images that mitigates the influence of possible nonlinearities in the SWP intensity transfer function (e.g., Holm 1982).
Salient aspects of the illustrations are as follows : First, the centroids of most of the emission lines follow the orbital velocity of the secondary star, at least until the " hot " period at the end of the monitoring program when the lines suffer a positive excursion of about 20 km s " 1 with respect to the projected velocities near the phase 0.25 quadrature of orbit 25. The excursion very likely is instrumental, and probably is associated with the thermal coefficients of the dispersion relations or perhaps with a systematic effect of the hot camera deck on the aperture acquisition maneuver.
Second, most of the emission features exhibit a comparatively constant FWHM as a function of orbital phase. The principal exception is the low excitation feature Si n A1808 which is about 40% narrower at the single line phase (0 = 0) than at the times of maximum radial velocity separation (cj) = 0.25, 0.75), a behavior clearly seen in Figure 2 . The constant behavior of the profiles of the high-excitation features reflects the dominance of the secondary star, while the phasedependent profiles of the lower excitation features (including Mg ii) indicate that both of the stars contribute appreciably to those emissions (see Ayres, Schiffer, and Linsky 1983) .
Finally, the sample standard deviations for the continuumnormalized (or temperature-corrected) line fluxes are all smaller than ±10% and in general the temperature-corrected continuum fluxes exhibit a smaller standard deviation than the corresponding line measurements. The cited photometric repeatability (1 <r) of well exposed low-dispersion IUE spectra is ±2% in 150 Â bands for SWP and ±2.5% in 300 Â bands for LWR (Holm 1982) . The intervals in the echelle mode which correspond to the same number of camera pixels measured in the low-dispersion repeatability tests are comparable in extent (10 Â for SWP; 20 Â for LWR) to the actual continuum bands used in the normalization procedure. Accordingly, the measured continuum fluctuations in the ultraviolet spectrum of Capella very likely represent primarily photometric errors rather than variability of the source itself. (The small standard deviations of the temperature-corrected continuum fluxes also provide support for the prelaunch values of the thermal sensitivity of the vidicons.) Since the line fluxes are measured using a smaller number of pixels, one anticipates that the associated photometric error will be larger by a factor of roughly [A2 c /A2 l ] 1/2 , which ranges from 2 for the LWR features to 2.7 for the SWP features. Consequently, one expects o L » ±5% in the well exposed emission lines from photometric considerations alone. Errors on the measured line fluxes obtained using the semiempirical relations of Landman, Roussel-Dupré, and Tanagawa (1982) , with the rms deviation of the fitted Gaussian from the observed profile as a measure of the noise level, are comparable to the estimated photometric repeatability.
Since the empirical standard deviations of the line fluxes over the monitoring period are comparable to the estimated measurement errors, I conclude that no statistically significant photometric changes in the ultraviolet emission spectrum of Capella were observed.
b) Velocities of Emission Lines in the Far-Ultraviolet
Spectrum of Capella i) Observing Program The second part of the Capella program involved an attempt to measure, as carefully as practical, the radial velocities of emission lines in the far-ultraviolet spectrum of the binary at one of the single line phases of the orbit (cf. ).
On each of six consecutive days, 1982 December 11-16, a sequence of three SWP spectra was taken: a short exposure (<22.5 minutes) of Capella; a 120 s exposure of the platinumneon wavelength calibration lamp preceded by a 5 s TFLOOD (tungsten flood lamp exposure); and a long exposure (up to 148 minutes) of Capella. The stellar observations were taken through the large aperture, while the wavelength calibration (" wavecal ") image was taken through the small aperture with the large aperture shutter closed. The wavecal spectrum was taken immediately following the short exposure of Capella, so that the thermal condition of the instrument would be as similar as possible for the two exposures.
A catalog of the images taken for this portion of the observing program is provided in Table 4 . The horizontal solid and dotted lines indicate the sample mean ( = 1) ± one standard deviation of the mean for the line and continuum fluxes, respectively. The solid and dotted curves in the lower portion of the diagram depict the zero-velocity loci of the secondary and the primary stars, respectively. Vertical bars refer to measurement errors estimated empirically using the algorithms of Landman, Roussel-Dupré, and Tanigawa (1982) . In many cases, the estimated errors are smaller than the plotted symbols. Two LWR exposures were taken on all but 2 of the days: the differences in the line fluxes are compatible with the estimated measurement errors. Note the apparent excursion in the velocity of the k line near the end of the monitoring period when the camera deck was nearly 10°C hotter than normal. The " constant " FWHM of k is an artifact of the fitting procedure, which intentionally was restricted to the portion of the profile dominated by the " active " secondary star, for the reasons given in § Ila(ii). The substantial distortions of the Mg n emission profile as a function of orbital phase are better illustrated by ii) Data Reduction The six sets of three images each from the emission line program were reduced to absolute flux with the same techniques used for the monitoring program. In this regard, the lamp spectra were processed in the same manner as the stellar spectra.
The emission centroids, FWHMs, and intensities of the prominent emission features in each spectrum were determined using the automatic fitting procedure previously described. A list of the lines and fitting constraints is provided in Table 5 . Included are 13 Pt n features from the lamp spectrum which fall in the echelle orders reduced for this portion of the program. The features were selected from a visual inspection of the Pt ii spectrum and test reductions using the automatic fitting procedure. Nearly 40% of the initially chosen standard wavecal lines were eliminated owing to close blends with other features, asymmetries in the profiles that confused the auto- 
Notes.-Notation similar to Table 2, except that A2 L has been replaced with the approximate full width at half-maximum intensity of the profile. Laboratory wavelengths are from Kelly and Palumbo (1973: iii) Velocity Scales Care was taken to ensure that the stellar image was precisely centered in the large aperture for the short exposure on each day of the program. The rms positional error in maneuvering the target from the reference point of the FES into the center of the large (or small) SW aperture is ±Qf'21 (Holm 1982), which corresponds to a (1 a) velocity error of about ±1.4 km s -1 if the displacement is along the dispersion axis.
If the target is well centered in the aperture, most of the remaining velocity uncertainty resides in the degree to which the secular and temperature corrections to the mean dispersion relations fail to reproduce the effective dispersion characteristics of the individual images. However, the near simultaneous wavecal exposure provides a means to estimate any gross shifts of the spectral format, according to the mean deviation of the wavelengths of the calibration lines with respect to the laboratory values . The inferred mean wavelength deviation of the wavecal expressed in velocity units was subtracted from the velocity scale of the short exposure of Capella, thereby adjusting it to the reference frame of the spectrograph. Velocity corrections for the satellite (epoch 1982.96 orbital elements were kindly provided by G. Sonneborn) and Earth motions and the system radial velocity were then applied to adjust the short exposure to the reference frame of the barycenter of Capella. Finally, each long exposure was registered to the wavelength scale of the corresponding short one according to the mean velocity difference between a set of prominent, isolated emission lines of comparable intensity: O i 21305, O i 21306 (in orders 106 and 105), Si iv 21394, C iv 21551, and He n 21640.
The several velocity corrections applied to the six pairs of stellar spectra are summarized in Table 6 . iv) Results of the Emission Line Velocity Program Means of velocity measurements over individual days.-One way to examine the velocities of the emission lines is to average the measured values over the six days of observation, or a subset of the period. The standard deviation about the mean provides an empirical gauge of the random errors of measurement, as well as random errors associated with the velocity correction procedure, for each line. However, in order to accomplish the comparison one must take into account the nonnegligible velocities of the primary and secondary stars of Capella on the days on either side of the phase 0 conjunction. For simplicity, I assumed that the features formed at temperature hotter than 30,000 K were emitted entirely by the secondary star, while the features formed at cooler temperatures were emitted equally by both stars. While the assumption is not strictly obeyed by the low-excitation lines like the O i and Si n triplets-according to the study by Ayres, Schiffer, and Linsky (1983) , the secondary accounts for about two-thirds of the total emission in these features-the effective velocity corrections to the barycentric frame are small enough to be ignored. Indeed, the mean velocity of the narrow, lowexcitation emissions of S i 21296, Cl i 21351, O i] 21356, and C i] 21994 were found to be close to the barycentric velocity on all of the days (see Table 6 ) except for the sixth (last), where the low-excitation species, and all of the other emission lines, appear to be redshifted by an additional 10 km s _1 over their velocities on the previous five days. However, the excursion has the sense and magnitude expected for a " reference point shift " (2)- (4) indicate velocity corrections to be subtracted from velocity scale of short exposure (<22.5 minutes) to adjust it to heliocentric reference frame. Column (2) is the mean "velocity" of the lamp spectrum based on 13 reference Pt n lines. Column (3) refers to the difference between the spacecraft velocity correction applied by the IUE image processing facility based on epoch 1979.89 orbital elements, and a revised velocity based on 1982.96 elements. Column (4) accounts for any differences between the assigned dispersion constants of the large aperture, short exposure of Capella (<22.5 minutes) and the small-aperture lamp spectrum in excess the effective separation of the aperture centers (Schiffer 1982: Table 3-1). Column (5) indicates the additional correction to register the long exposures to the short exposures (see text). Column (6) provides the mean barycentric velocity of the low excitation features, S i 21296, Cl i 21351, O i] 21356, and C i] 21994, after the velocity corrections have been applied to each pair of short and long exposures, and the heliocentric radial velocity of Capella has been subtracted. The standard deviation of each set of corrections, given at the bottom of the table, indicates roughly the magnitude of the error expected if that correction is not made to an image.
(cf. Holm 1982), which can occur, although rarely, in connection with the operation of the large aperture shutter. The latter had been activated several times that week for the exposures of the calibration lamp. I therefore eliminated the results of the sixth observing sequence from further discussion, particularly since the first five days are symmetrically placed about the orbital conjunction on 1982 December 13, and the sixth day would unbalance any cancelation of phase-dependent effects. Figure 4 illustrates the mean wavelength deviations, expressed as velocities, of the Pt n wavecal spots and the emission features of the Capella spectrum averaged over the five sets of daily observations centered on the phase 0 conjunction. A number of aspects of Figure 4 are worth mentioning.
First, the standard deviation of the mean "velocities" of the 13 Pt ii spots about the sample mean is compatible with the ± 2 km s -1 cited for the internal consistency of the S WP wavelength scale (Holm 1982) . However, several of the calibration lines (e.g., spots No. 28, 101, 247, 2491) are systematically displaced from the sample mean ( = 0) with respect to the standard error of the mean of the five lamp spectra. The systematic shifts might arise from : instrumental effects, such as beam-pulling or small-scale geometrical and photometrical irregularities of the camera format; the data extraction techniques; or inaccuracies in the laboratory wavelengths of the calibration lines. For the present study, I have adopted the mean "velocity" of the sample of 13 Pt n spots in each lamp spectrum to correct the wavelength scale of the corresponding short exposure of Capella. If I had chosen, instead, to correct the stellar spectrum order-by-order (where possible), the velocities of only a few lines would be affected significantly (see below).
The second important aspect of Figure 4 concerns the velocities of the low-excitation lines that presumably are formed deep in the chromospheres of the primary and secondary stars, and thereby measure the mean chromospheric velocity at the orbital conjunction. Of the four, only O i] 21356 is significantly (red)shifted, in the barycentric reference frame, with respect to the standard error of the mean of the five daily measurements, while the mean velocity of the sample of narrow, low-excitation features is within one standard error of its mean of the barycentric velocity. On the other hand, the optically thick, but low excitation, 21305 and 21306 components of the O i triplet (21302 is affected by a reseau mark) are significantly displaced to positive velocities. Note also the positive shift of Si n 21808, although the strongest member of the triplet, 21817, is not significantly shifted from the barycentric velocity with respect to the standard error of the mea- Lya feature, scaled down by a factor of 5, also is based on the short exposures since the bright emission core is saturated in the longer exposures. However, the other portions of the spectrum in this region are based on the longer exposures. The dropouts below the zero line flag regions of the spectrum where fluxes from one or more of the images were excluded from the composite owing to a reseau mark, saturated pixels, extrapolation of the Intensity Transfer Function, or a deleted camera blemish, such as a cosmic ray event or " warm " pixel. The maximum amplitude of the dropout is halfway to the bottom line of the panel, indicating that fluxes at that wavelength were excluded from all five of the images. Lesser dropouts indicate that fewer images were excluded. The composite spectrum was smoothed with a running mean of width comparable to the spectral resolution to enhance the visibility of weak features. Vertical tick marks designate the laboratory wavelengths of the identified emission lines, (h) Same as Fig. 5a for the region from 1330 to 1670 Â. The deep absorption in the core of the short-wavelength component of the C n 1335 À multiplet is produced partially by a reseau mark and partially by interstellar absorption. A weaker interstellar feature appears in the core of the long-wavelength component as well. Note also the presence of O iv] >U1401, 1405, but the absence of the A1407 component. The influence of the reseau mark in the core of the >U401 is exagerated by the smoothing process. The composite spectrum in this region is based entirely on the long exposures. surements. However, one of the platinum spots eliminated from the original sample was No. 2304 (21820.8) in echelle order 76, where the Si n triplet is located. The Pt n spot was eliminated because its average wavelength deviation exceeded the sample mean by 3 <7 6 km s -1 ). If the distortion of the assigned wavelength scale at 1800 Â is as large as indicated by the eliminated Pt n spot, then the true barycentric velocity of both of the Si n features would be near zero at the conjunction, at least within the standard errors of the measurements.
The third important aspect of Figure 4 is that all of the emissions formed at temperatures in excess of 3 x 10 4 K are significantly redshifted in the barycentric velocity frame with respect to the empirical standard errors, with the exception of the N v 221239, 1243 doublet and perhaps also C m] 21909 if the apparent local distortion of the wavelength scale near 1900 Â is genuine. The redshifts are seen in optically thin lines as well as those of large opacity. However, the shifts of the components of the Si iv or C iv doublets are significantly different with respect to the standard errors for the individual lines. These differences are too large to be ascribed to errors in the laboratory wavelengths ((7 lab A < ±3 km s~1 ; see discussion by , but might be produced by opacity effects. Nevertheless, it is clear that the individual lines, as well as the flux-weighted mean of the Si iv and C iv doublets, are significantly redshifted. AYRES ^r 1 oo rj 794 00 ! Velocity measurements in a composite conjunction ^ spectrum.-It is easy to demonstrate analytically that the < superposition of spectra from a binary system obtained sym-S metrically about, and close to, one of the conjunctions will be ^ nearly identical to the spectrum exactly at the conjunction. For the case of the Capella program, in which spectra were obtained within ±0.02 cycle of phase 0, the departure of the composite spectrum from a hypothetical perfect spectrum exactly at the conjunction is less than 1%, which is smaller than the effective noise level in the composite spectrum. Advantages of the composite spectrum include : random errors associated with the correction of the individual velocity scales to the barycentric reference frame should cancel to some degree; the physical shift of the spectrum with respect to the reference frame of the camera heads owing to the orbital motion of the secondary star should reduce the influence of "fixed pattern" noise; and the higher signal-to-noise permits the measurement of features that were too faint to detect in the individual spectra. A composite spectrum was created as follows: First, the individual echelle orders were interpolated onto a 0.015 Â wavelength grid that had been registered to the barycentric velocity frame according to the corrections described in § Ilb(iii). Second, the five sets of interpolated data were added to produce a mean spectrum. Regions of the individual records affected by saturation, extrapolation of the intensity transfer function, or reseau marks were not included in the summation. At the same time, the rms deviation of the individual spectra from the composite was calculated point-by-point. The rms spectrum was used to identify transient defects, such as particle radiation events, in important emission features. In the final step, the five sets of spectra were combined again, after the most prominent defects had been deleted from the individual records.
Selected intervals of the resulting composite spectrum, smoothed slightly to enhance the visibility of weak features, are illustrated in Figures 5a-5c .
Emission lines in the (unsmoothed) composite spectrum were then fitted by the author using an interactive procedure. In several cases, D i Lya and O v] 21218 for example, an effort was made to simulate, and subtract before measuring, the log [Tmax] (K) Fig. 6 .-Barycentric velocities of emission lines measured in the composite spectra illustrated in Figs. 5a-5c . The typical measurement uncertainties are of order or less than ±2 km s -1 , while uncertainties due to the laboratory wavelengths are probably less than ±3 km s _1 . The features are divided into optical depth groups in the same manner as in Fig. 4 . -1 with a uniformly emitting stellar disk. The dotted curve illustrates the convolution of the rotational width with a Gaussian microturbulence whose dispersion is equal to the local sound speed. The hatched symbol near FWHM = 150 km s -1 represents the Si m /H206 resonance line, whose velocity is uncertain owing to the effects of Lya spillover, but whose width can be measured more reliably. The feature that falls well below the rotational width limit is C i] 21994, whose profile is somewhat ambiguous owing to the bright photospheric continuum upon which it is situated (see Fig. 5c ).
sloping background upon which the feature lies. The results of the fitting procedure are summarized in Table 7 .
The barycentric velocities of the emission lines in Table 7 are illustrated in Figure 6 as a function of temperature of formation. The overall pattern of velocities is essentially the same as obtained in the previous section (i.e., Fig. 4) , with the possible exception of the N v doublet. However, the composite spectrum approach requires no assumptions concerning the detailed division of the emission between the primary and secondary stars, and the higher signal-to-noise ratio permits many more weak features to be measured successfully.
In Figure 7 , the FWHMs of the features are illustrated. The measured widths were corrected for an instrumental profile of FWHM = 30 km s -1 , assumed Gaussian, and curves are plotted to represent the width expected for pure rotational broadening (v sin i ae 30 km s -1 ), and the convolution of the rotational broadening with a Gaussian "microturbulence" whose dispersion is given by the local sound speed.
Finally, in Figure 8 the velocities of the emission lines are compared to their widths. There is a suggestion in the figure that increasing redshifts are associated with larger line widths.
III. DISCUSSION AND ANALYSIS
The scope of the present paper does not permit an exhaustive analysis of the large body of spectroscopic data obtained during the two observing programs. However, I will discuss below several aspects that I believe are pertinent for understanding the properties of chromospheric and coronal activity on the F-type secondary of Capella. sphere and higher temperature layers. Indeed, most of the apparent variability can be ascribed to photometric errors associated with IUE rather than to intrinsic changes in the source. The lack of variability is remarkable in light of previous studies of the equally fast rotators of RS CVn binaries (Hall 1978) . For example, high-dispersion SWP spectra of V711 Tau = HR 1099 (Ayres and Linsky 1982) and cr Gem (Ayres, Simon, and Linsky 1984) revealed changes in the Si iv and C iv fluxes of up to 50% between exposures taken a week apart and a day apart, respectively. Furthermore, Marstad et al (1982) discovered that the K subgiant primary of the II Peg system was five times brighter in C iv on one hemisphere compared with the other over the one week duration of their daily monitoring program. Even comparatively inactive stars like a Cen A (G2 V), a Cen B (Kl V), and the Sun often exhibit significant (~30%) variations in their Lyoc and Mg n emissions over a rotational cycle (e.g., Hallam and Wolff 1981; Rottman et al. 1982) .
The lack of rotational modulations in the Capella spectrum to the +5% sensitivity levels of the flux measurements indicates that the distribution of activity is quite uniform across the surface of the Capella secondary. Similarly, the large modulations observed in the spectra of the classical RS CVn binaries suggest that the activity can be quite concentrated in longitude on the cool subgiants of those systems. The remarkable differences in the uniformity of surface coverage between the warm F-type secondary of Capella and the cool K-type subgiant primaries of the classical RS CVn's should provide important constraints on quantitative theories concerning stellar activity, particularly the influence of shallow and deep convection zones on the mechanisms that impose large-scale spatial structure on the emerging magnetic flux.
b) Flows in the Stellar Transition Region
The five sets of spectra surrounding the orbital conjunction on 1982 December 13, with the associated wavelength calibrations, demonstrate that the high-excitation emission lines of the Capella spectrum are significantly redshifted with respect to the optically determined radial velocity of the photosphere of the F giant. Furthermore, the high-excitation lines are redshifted with respect to the narrow, weak, low-excitation species that measure the velocity of the chromosphere. The fact that optically thin lines formed over the temperature range from 50,000 to 2 x 10 5 K are redshifted (e.g., Fig. 6 ) suggests that material is truly downflowing. (An accelerating outflow can produce the appearance of redshifts in optically thick lines by the " P Cygni " effect.)
The redshifts of high-excitation species in the far-ultraviolet spectrum of Capella very likely reveal the operation of a dynamical phenomenon analogous to that which produces redshifts of these species over magnetic active regions on the Sun (e.g., Brueckner 1981 , and references therein). The fact that redshifts are seen at all in the globally averaged profiles, and systematically over the 5 day period near conjunction, implies that the phenomenon is pervasive on the stellar surface and stable in time. Furthermore, the substantial Doppler broadening of the optically thin intersystem lines (see Fig. 7 ) suggests that the dispersion of nonthermal velocities is quite large, and might exceed the local sound speed above 10 5 K. Indeed, the rough association of increasing line width with increasing redshift probably is not accidental. Instead, the association very likely is analogous to that observed between the width and shift of C iv 21548 in high spatial resolution observations of discrete structural features in solar active regions (e.g., Simon et al 1982; Athay et al 1983) . The redshifts and widths of high-excitation species in the spectrum of Capella reveal the existence of a dynamic transition zone, whose steady ultraviolet emission might be attained only by an average over a substantial number of individually variable elements. c) Gas Pressures from Line Ratios The internal gas pressure, P e = n e T e , of the structures that are bright in the high-excitation emission lines plays an important role in the analysis of the geometry and energy balance of those structures.
The high-quality composite far-ultraviolet spectrum of Capella permits a more detailed analysis of gas pressures, through the method of line ratios (e.g., Doschek et al 1978) , than was practical in previous work (cf. Ayres and Linsky 1980) . In particular, lines from the 2 P°-Ar P multiplet of O iv are visible in the 1400-1410 Â region, and provide a measure of the electron density in the 10 5 K layers of the stellar transition zone. The 21401 and 21405 components are clearly present in the spectrum (see Fig. 5b ) and can be measured (despite a reseau mark on the longward wing of the 21401 feature). The 21407 feature, however, is absent. The 21405/21401 ratio of <0.38 + 0.10 indicates > 3 x 10 14 cm' 3 K, while the 21407/21401 ratio of <0.2(3<t) indicates P e < 8 x 10 14 cm -3 K using the calibration of Nussbaumer and Storey (1982) . Accordingly, the O iv] ratios suggest an electron pressure at the 10 5 K level of about 5 x 10 14 cm -3 K, which is half the value obtained previously by Ayres and Linsky. The typical pressure in the bright areas of the transition zone of Capella is thereby comparable to the pressure inferred for structures of the quiet Sun (e.g., Raymond and Doyle 1981), despite the fact that solar magnetic active regions tend to have pressures roughly an order of magnitude larger (e.g., Vernazza and Reeves 1978) . However, the active chromosphere yellow bright giant ß Dra (G2 Ib-II) is thought to have even lower gas pressures than the secondary of Capella (Brown et al 1984) .
d) Optical Depths
The optical depth of a resonance line of a majority species in a plasma of cosmic abundances in which hydrogen is fully 1984ApJ. . .284. .784A MANY FACES OF CAPEELA 797 No. 2, 1984 ionized is proportional to the column electron density j n e dh; consequently the vertical extent of the emitting structures can be inferred, if the line center optical depth and local gas density can be determined. In the case of mild optical thickness, the emission profile exhibits an enhanced Doppler width over optically thin features formed under similar conditions, owing to opacity broadening, and the ratios of the peak fluxes of doublet lines from a common lower level, like C iv 221548, 1551, begin to depart from the optically thin ratio (2:1 for the C iv doublet). These effects are most pronounced in the regime 1 < t 1c <10, beyond which point the Doppler width enhancement and line peak ratio saturate to their optically thick limits (3 and 1:1, respectively for C iv). Table 5 and Figure 7 demonstrate that the permitted lines O i 221305, 1306, C n 221335, 1336, Si in 21206, Si iv 221394,1403, and C iv 221548,1551 are broader than optically thin lines formed at comparable temperatures, and the multiplet peak intensity ratios also depart significantly from the optically thin limits. On the one hand, the O i and C n resonance lines very likely are exceedingly optically thick owing to the large column densities of material at the temperatures where neutral oxygen and ionized carbon are abundant. (The O i resonance lines appear to be only slightlv wider than the optically thin O i intersystem lines at 1356 A and 1359 Â owing to the large rotational broadening of the secondary spectrum which masks the true nonthermal widths of the narrow O i] emissions.) On the other hand, the Si iv and C iv doublets probably are not extremely optically thick, judging by the unsaturated width enhancements and multiplet peak intensity ratios, while the N v doublet appears to be optically thin.
It is easy to show (Jordan and Brown 1981) that the ratio of the line center optical depth to the surface flux is T,c , 0.090(4/1548 A)r 5 3/2 exp (hc/X L kT m J F 5~ g FWHM 2 P 15 « , U where g is the Gaunt factor (Burton et al 1971) , FWHM is the full width at half-maximum intensity of the Doppler profile (100 km s _ x ), and numerical subscripts indicate logarithms of a reference value to which the quantities have been normalized, for example T 5 = (T e /10 5 ). The factor a -1 is the inverse of the covering fraction, and represents the enhancement of the true surface fluxes over those calculated assuming uniform coverage, F l * = (dJR*) 2 f L ®, where f L ® is the stellar flux measured at the Earth, d* is the distance of the star, and R* its radius. Table 8 lists the important atomic parameters for the resonance lines of Si iv, C iv, and N v; the inferred surface fluxes assuming the angular diameter for the secondary star given by Ayres, Marstad, and Linsky (1981) ; and the derived optical depths based on equation (3). One sees that the covering fraction must be no smaller than 0.2, otherwise N v 21239 would exhibit optical depth effects; while the covering fraction must be no larger than 0.6, otherwise C iv 21548 would not exhibit the optical depth effects manifested in the line profile. It would appear that the surface coverage by active regions not only is uniform on the secondary of Capella, but also is rather complete.
Given the optical depth of an emission line, it is possible to estimate the vertical extent of the emitting structures : Ah t * 10 4 (T 5 /P 15 ) x T lc /a_ 19 km ,
where a L is the effective absorption cross section (cm 2 ),
Applying equation (4) to assumed line center optical depths of < 1, 5, and 5 for N v 21239, C iv 21548, and Si iv 21394, respectively, yields a vertical thickness of a few tenths of a percent of the stellar radius (R* & 1 R ö \ compatible with the minimum height for freely falling material to attain the measured downflow velocities (to the extent that the gross shift of the line profile indicates the mean downflow speed) (see .
By way of comparison, Mewe et al (1982) applied the solar coronal magnetic loop scaling law proposed by Rosner, Tucker, and Vaiana (1978) to infer the size and internal pressures of hypothesized analogous structures of the corona of Capella. The authors used estimates of X-ray temperatures obtained from Einstein objective grating spectrograms to deduce the existance of two distinct classes of coronal loops on Capella. The major class has a temperature of 5 x 10 6 K, an internal electron pressure of 5 x 10 15 cm -3 K, a typical loop length of 3 x 10 5 km (A/i ae 0.02 R*), and a covering fraction of 0.9. The minor class of structures are a factor of 2 hotter, have internal pressures forty times larger, are a factor of 5 shorter, but cover only about 1 % of the stellar surface. Aside from the inferred gas pressure, the parameters of the first class of hypothesized solar-analog loops qualitatively agree with the far-ultraviolet measurements of Capella : the covering fraction is large and the vertical extents of the coronal structures exceed those indicated by the emissions formed at cooler temperatures (10 5 K), as is the case for the Sun. However, the loop pressures derived from the scaling laws are at least an order of magnitude larger than those inferred from the density-sensitive ratios of far-ultraviolet emissions. Possible explanations for the difference include: (1) the UV density diagnostics are not reliable; (2) the solar loop scaling law is not applicable to the low-gravity giant; or (3) the soft X-ray and far-ultraviolet emissions arise from physically distinct structures (which might, however, rep- Notes.-Atomic parameters based on Burton et al. (1971) . Solar abundances (col.
[5]) from Vernazza, Avrett, and Loeser (1973) , except A c which is from Ayres and Testerman (1981) . F L is the surface flux assuming complete coverage by emitting material. The large difference in derived pressures is a cause for concern, and should be explored in more detail in future studies of this type. In this regard, measurements of densitysensitive line ratios for coronal species would be quite valuable for resolving the dilemma.
IV. SUMMARY Sequences of high-dispersion ultraviolet spectra of the active F-type secondary of the Capella system have revealed an outer atmosphere that is remarkably steady in its integrated emission in low-excitation species such as Mg n and in high-excitation species such as Si iv and C iv. The suggestion is that the secondary of Capella must be almost completely covered by high-temperature structures whose surface fluxes are comparable to, or exceed, those of solar magnetic active regions. It is quite possible, for example, that the secondary of Capella is covered by a pervasive network of magnetic activity analogous to, but more intense than, the supergranulation pattern on the surface of the Sun.
Despite the remarkable uniformity and steadiness of surface activity on the secondary of Capella, the widths of the emission profiles and the redshifts of many of the lines demonstrate that the plasma is far from quiescent. The fact that optically thin intersystem lines of high excitation are redshifted by a similar amount compared with mildly optically thick resonance lines formed at similar temperatures demonstrates that the flows truly are downward where the plasma is dense. Indeed, the extension of the emitting structures indicated by the mild optical thickness of the Si iv and C iv doublets is sufficient to permit significant downflow velocities if material was initially transported to the top of a magnetic loop, perhaps by explosive evaporation, and then allowed to cool radiatively and fall freely back to the chromosphere. Nevertheless, the fact that many of the permitted lines have FWHMs that exceed 10 times the apparent redshifts suggests that much of the dynamics in the outer atmosphere of the secondary star might be " hidden " : Each profile could be the result of averaging over a substantial dispersion of upflows and downflows, which combine to produce the appearance of a small, net redshift. Finally, the rough correlation between line width and redshift perhaps is further indication that the steadiness of the ultraviolet emission of the secondary of Capella belies a situation in which vigorous mass motions play a central role in transporting energy from one part of the outer atmosphere to another. 
